Background Chronic megacolon is a rare disease of the colonic motor function characterized by a permanent increase in colonic diameter. Methods We reviewed electronic medical records of all patients diagnosed with chronic megacolon from 1999 to 2014 at Mayo Clinic. Our aim was to summarize clinical and motility features, including colonic compliance and tone measured by colonic barostat-controlled 10-cm-long infinitely compliant balloon. Colonic compliance curves were compared to healthy control (40) and disease (47) control groups. Results Among 24 identified patients, the mean maximal colonic diameter on abdominal radiograph was 12.7 ± 0.8 cm. The cause of megacolon was idiopathic in 16 of 24 and secondary in 8 of 24. A relatively high prevalence (10/24) of comorbid pelvic floor dyssynergia was identified. At the time of this report, 16 patients had undergone colectomy. In general, megacolon presented high fasting colonic volume at relatively low pressures (16-20 mmHg), suggesting high colonic compliance; similarly, volumes at operating pressures that ensured apposition of the balloon to the colonic wall suggested low colonic tone. Median balloon volume at 44 mmHg distension was 584 mL (IQR 556.5-600) in patients with megacolon compared to 251 mL (212-281) in healthy, 240 mL (207-286) in functional constipation, and 241 mL (210.8-277.5) in diarrhea-predominant irritable bowel syndrome controls. Colon's tonic response to feeding was generally intact, and there was frequently maintained phasic contractile response to feeding. Conclusions Chronic megacolon is a severe colonic dysmotility, manifesting radiologically with increased colonic diameter; it can be proven by measuring colonic compliance and typically requires colectomy because of failed medical therapy.
Introduction
Chronic megacolon is characterized by a permanently enlarged diameter of the colon due to a chronic process. This abnormal diameter reflects colonic distension and manifests clinically as a chronic disorder of colonic motility, often with intractable constipation, abdominal pain, and bloating. Chronic megacolon is caused by diseases of intestinal smooth muscle cells and the enteric and extrinsic nervous systems. However, the connective tissue component of the colonic wall may also be relevant in the context of alterations of tone and increased colonic diameter. Malfunctions of any of these components may thus result in megacolon.
The pathogenesis of chronic megacolon has been attributed to an ''idiopathic'' disorder or a heterogeneous group of secondary causes. Examples of myopathic disorders include Duchenne's and myotonic muscular dystrophy [1, 2] , visceral myopathy, as well as degenerative leiomyopathy, a rare condition described mainly in African children [3] . Disorders of the enteric nervous system causing megacolon may result from deficient migration of neural crest cells to the developing colon, as in congenital disorders such as Hirschsprung's disease [4] , hypoganglionosis and intestinal ganglioneuromatosis [5, 6] , spinal cord dysraphism [possibly causing extrinsic denervation 7] . Other acquired disorders causing megacolon include a reduction in the number of interstitial cells of Cajal [ ICCs 8, 9] or reduction in enteric nerves, which may be idiopathic [9] or related to Chagas disease [10] . Some diseases, such as Parkinson's disease, may cause either extrinsic denervation or intrinsic neuropathy, resulting in megacolon [11] .
There have been studies of colonic motility in patients with chronic colonic pseudo-obstruction [12] , though it is unclear whether the reports included patients with chronically dilated colon. Those reports document, in those with intestinal pseudo-obstruction with colonic involvement and constipation, discrete motor abnormalities, such as the absence of high-amplitude colonic contractions, and failure to increase phasic contractions in postprandial period (considered consistent with neuropathy) or complete absence of contractions (suggestive of myopathy). However, no systematic analyses of colonic compliance or tone are available to date.
The aims of this study were to appraise the demographics and clinical features, associated medical conditions, and colonic tone, and compliance among a cohort of adult patients with chronic megacolon diagnosed at Mayo Clinic in Rochester, Minnesota, over a period of 15 years.
Materials and Methods

Search Strategy for Identifying Adults with Chronic Megacolon
The proprietary Medical Clinical Notes Search Tool available at Mayo Clinic was used to identify adult patients with chronic megacolon through their electronic medical records (Fig. 1) . A total of 2,800 patient records were identified with the word ''megacolon'' in their clinical records, with 959 identified with both ''megacolon'' and ''constipation'' mentioned in their records. Patients who were under 18 years of age, those who underwent surgery for chronic megacolon prior to referral to Mayo Clinic, or those with ''toxic megacolon,'' ''acute megacolon,'' or ''Ogilvie syndrome (also defined in the medical records as acute colonic pseudoobstruction)'' were excluded; this resulted in identification of 24 patients with chronic megacolon.
Mayo Clinic Institutional Review Board approved this study for patients who had consented to the use of their medical records for research.
Data Extraction
The data extracted for this study included demographics, clinical features, family history, colon imaging, colonic barostat-manometry data, anorectal manometry data, treatment for megacolon, and follow-up information.
Diagnostic Criteria
All patients had at least one criterion for chronic megacolon based on imaging studies or intraluminal assessment of colonic motor function. Criteria for diagnosing megacolon on imaging studies were: colonic diameter greater than 6.5 cm at the pelvic brim as proposed previously [13] , greater than 8 cm in the ascending colon, or greater than 12 cm in the cecum [14] . Among seven patients in whom imaging studies were unavailable, a fasting volume of a 10-cm colonic segment [400 mL at 44 mmHg distension was included as megacolon. This cut-off value was determined by prior work conducted by the same research team, based on studies of 47 patients with diarrhea-predominant irritable bowel syndrome (IBS-D) and 40 healthy volunteers [15, 16] ; a volume of 400 mL at 44 mmHg distension had never been observed in these control groups.
Participants
In the study period between January 1, 1999, and June 30, 2014, we identified 24 patients diagnosed with chronic megacolon by one of the two (MC and AEB) experienced gastroenterologists with expertise in motility disorders. Family history was recorded as part of the evaluation by the staff gastroenterologists, rather than geneticists.
Measurement of Colonic Motility and Tone
Colonic motility and tone were analyzed in the ten patients with suspected megacolon in whom there was no radiological documentation of megacolon in order to appraise the utility of these measurements. Colonic motor functions were measured using intracolonic 6-lumen manometry (5 cm apart) and a 10-cm-long infinitely compliant balloon (Hefty Baggies, Mobil Chemical, Pittsford, NY) in which infused air was maintained at constant pressures by means of an electronic rigid piston barostat Dig Dis Sci (2015) 60:2398-2407 2399 (Engineering Department, Mayo Clinic, Rochester, MN). This was performed as described in detail previously [17] . Before the colonic motility study, all medications with potential effects on colonic motility were discontinued for at least 48 h. The colon was cleansed with 2-5 L of polyethylene glycol 3350 and electrolyte solution (Golytely Ò , Abbott Laboratories, Chicago, IL). Patients fasted overnight. The next morning, a colonic manometric-barostat assembly was positioned in the left colon by colonoscopy without sedation [17] .
The study commenced after a 30-min equilibration period. Colonic motor activity was measured as described previously (30) . After a conditioning distension, the balloon was inflated from 0 to 44 mmHg in 4-mmHg steps at 30-s intervals to measure colonic compliance. Thereafter, we measured, in order, contractile responses to a meal (1000 kcal; 35 % carbohydrate, 53 % fat, and 12 % protein) and to neostigmine (1 mg intravenously) with the polyethylene balloon clamped at baseline pressure and colonic compliance with 0-44 mmHg distension as performed during the fasting, baseline period.
Colonic motor activity was quantified using established approaches. Only data recorded by the barostat are presented in this paper because phasic pressure activity recorded by manometry is less reliable when the colonic diameter exceeds 5.6 cm [18] , although there is evidence that high-resolution fiber-optic manometry is capable of recording non-occluding reductions in diameter, provided that they occurred with sufficiently viscous content in silico or in the rabbit colon [19] . The phasic contraction measurements in our studies were not conducted in the presence of viscous colonic content, since we cleansed the colon of stool with the bowel preparation and removed any residual fluid at the time of colonic tube placement. Hence, we assessed the phasic pressure activity qualitatively, not with the same quantitative goals used in measurements of colonic compliance and tone. This approach was also reinforced by the experience of other groups that were unable to classify specific manometric findings as reflective of myopathic or neuropathic abnormalities in patients with colonic motility disorders [20] . The phasic contractile activity on manometric recordings served mostly to evaluate phasic volume events measured by barostat.
Data from 47 IBS-D patients, 46 functional constipation/constipation-predominant IBS (IBS-C) patients, and 40 healthy volunteers [15, 16] acquired by the same method in our laboratories were used as controls in order to appraise the colonic motility measurements in the patients with chronic megacolon.
Statistical Analysis
Data are generally presented as median (interquartile range, IQR). Analysis of variance on ranks (KruskalWallis test) was used to compare measurements of colonic tone and compliance in the patients with megacolon and in controls with IBS-D and functional constipation/IBS-C, and healthy controls.
Results
Demographics Figure 1 shows the search strategy and identification of patients with chronic megacolon, based on the electronic medical record. Fifteen patients (62.5 %) were women. Patients reported that their symptoms began in childhood (46 %) or in adulthood (54 %). The age at diagnosis of megacolon was 43.1 ± 4.5 (SEM) years. In patients in whom the symptoms began in adulthood, the age at diagnosis was 45.8 ± 5 years. Forty-two percent of patients had a first-generation family member with chronic constipation. Among the patients with megacolon, 54.5 % reported that other members of their family had reported chronic constipation since childhood, whereas 30.8 % of the patients reported other family members with constipation presenting in adulthood.
Associated Conditions
Eight of 24 patients (33.3 %) had another condition known to be associated with megacolon. Five patients had a condition associated with intrinsic or extrinsic neural involvement, namely extrinsic denervation, chemotherapyinduced neuropathy, congenital hindgut dysgenesis, and multiple endocrine neoplasia type IIB with ganglioneuromatosis. Three patients had a systemic disorder affecting connective tissue, one each with scleroderma, EhlersDanlos syndrome, and transthyretin amyloidosis. No patients had a skeletal muscle myopathy.
Symptoms and Plain Abdominal Radiology
The principal symptoms reported by patients were abdominal pain (83 %), bloating (96 %), and abdominal distention (96 %) ( Table 1 ). The median number of bowel movements passed per week was 1.5 (IQR 1-2.5).
The largest colonic diameter in any segment of the colon in each of the 15 individuals who had abdominal radiographs on record was 12.7 ± 0.8 cm (mean ± SEM).
Anorectal Testing
Twelve patients underwent anorectal testing, including anorectal manometry and a balloon expulsion test, because a digital rectal examination suggested a rectal evacuation disorder. The balloon expulsion test (which was regarded as the primary evidence of pelvic floor dyssynergia) was abnormal ([200 g required to expel the balloon) in eight patients, confirming the concomitant diagnosis of pelvic floor dyssynergia. In the other patients, there was also high resting anal sphincter pressure ([90 mmHg).
Colonic Motility Testing
Fasting Colonic Tone and Compliance
The characteristic feature of chronic megacolon is an excessively high fasting volume (suggesting low tone) of the infinitely compliant intracolonic balloon at operating pressures (defined as pressures at which the infinitely compliant balloon is able to identify respiratory variation, typically 8-16 mmHg) (Fig. 2) . In addition, colonic compliance is markedly increased in megacolon (Fig. 3) . The colonic pressure-volume relationships are characterized by a marked increase in volume with a relatively small increase in the intraballoon pressure (e.g., from 12 to 20 mmHg) (Fig. 3 ). Even at 8 mmHg, the colonic balloon volume was significantly higher in patients with chronic megacolon (165 mL, IQR 85-301) than in healthy controls (30 mL, IQR 28-32), IBS-D (34 mL, IQR 32-36), and functional constipation/IBS-C (28.5 mL, IQR 10.8-51) (p = 0.001 overall by Kruskal-Wallis test and p \ 0.05 for megacolon compared to the three control groups, corrected for multiple comparisons) (Figs. 3, 4) .
A colonic balloon volume greater than 300 mL at a pressure of 20 mmHg is virtually diagnostic of chronic megacolon (Fig. 4) . At 44 mmHg, the median balloon volume was 584 mL (IQR 556.5-600) in the patients with megacolon compared to 251 mL (IQR 212-281) in healthy controls, 241 mL (210.8-277.5) in IBS-D controls, and 240 mL (IQR 207-286) in IBS-C controls (p \ 0.0001 overall by Kruskal-Wallis test and p \ 0.05 for megacolon compared to the three control groups, corrected for multiple comparisons).
Postprandial Colonic Motor Activity
The postprandial response in patients with megacolon was associated with frequent and profound phasic contractile responses, based on the phasic volume contractions of [100 mL, as observed in 7 of 10 patients (70 %).
The average postprandial balloon volume measured at constant pressure (Fig. 2) 
Effect of Neostigmine on Colonic Motility
Eight patients with megacolon received neostigmine (1 mg intravenously), and the compliance curve was repeated.
At 16 mmHg distension, the balloon volume was 169.8 mL (median IQR 81-273.5) after neostigmine, compared to the balloon volume recorded at the same pressure prior to administration of the meal or medication [290 mL (228-390), p = 0.06].
At 44 mmHg distension, the corresponding balloon volumes were 499.5 mL (median IQR 343-591) after neostigmine, compared to 577 mL (500-598) prior to the meal or medication (p = 0.10). This suggests that there is still a tonic response to neostigmine, but the drug does not restore normal colonic tone. Note the large colonic volume (indicating low tone) during fasting and the persistence of phasic contractile activity despite the low colonic tone after the ingestion of a 1000-kcal liquid nutrient meal Management (Table 2) Four of the 24 patients were initially treated with oral pyridostigmine at a typical dose of 60 mg three times daily. Three of these four patients eventually underwent a colectomy. Fifteen of 24 patients (62.5 %) had a subtotal colectomy with ileorectal anastomosis. One patient underwent colectomy with terminal ileostomy and closure of rectal stump. The medical records documented the outcome of colectomy with ileorectal anastomosis for 10 patients as follows: in seven patients, symptoms resolved after colectomy, except for single documented episodes of subacute intestinal obstruction that was attributed to adhesions and resolved spontaneously in two patients; the remaining three patients continued to experience symptoms of constipation after surgery. Two of these three patients had pelvic floor dysfunction causing an evacuation disorder and underwent pelvic floor retraining with biofeedback. Six of the 16 patients underwent surgery at other institutions, and no detailed outcome data are available.
Discussion
This paper assessed the clinical features and colonic motor functions in patients with chronic megacolon. Only 24 patients with documented chronic megacolon were identified in our tertiary referral practice, which suggests that the condition is rare. The salient features of dysfunctions of the tone of the colon include higher colonic compliance, reduced colonic tone, and large phasic reductions in colonic volume after a meal. Moreover, seven of ten patients in whom outcome data were available reported that their symptoms of constipation had resolved after colectomy.
Chronic megacolon can be diagnosed by imaging studies using the criteria of colonic diameter greater than 6.5 cm at the pelvic brim [13] , greater than 8 cm in the ascending colon, or greater than 12 cm in the cecum [14] . However, the sensitivity of these measurements has never been formally tested. Here, we describe that, in patients with clinical suspicion of chronic megacolon or when the imaging studies are equivocal, colonic motility testing should be considered to confirm the reduced colonic compliance and tone. Hence, chronic megacolon can be diagnosed by recording volume in a 10-cm-long balloon of over 300 mL at a pressure of 20 mmHg and over 400 mL at a pressure of 44 mmHg. Additionally, our study suggests that intracolonic motility testing may be beneficial to study response to treatment (i.e., intravenous neostigmine as a strong colonic prokinetic) and to select patients for treatment with anticholinesterase treatment (with oral pyridostigmine). Drug treatment can be useful before resorting to surgery.
The following disturbances have been documented in the literature in idiopathic chronic megacolon: a relative increase in non-adrenergic, non-cholinergic (NANC) inhibitory neuronal input to smooth muscle with a concomitant relative decrease in excitatory cholinergic and NANC nerves [21] or a reduction in ICCs [22] . Connective tissue disorders predisposing to megacolon have been less well characterized. Desmosis coli, characterized by atrophy in the tendinous fibrous net supporting the muscularis propria, has been postulated to cause idiopathic megacolon and was documented in a large proportion of patients with idiopathic megacolon and chronic constipation [23] [24] [25] . Thus, it has been postulated that disruption of the connective tissue network in the muscularis propria results in impairment of the coordinated movements of the longitudinal and circular muscle layers [26, 27] . Indeed, megacolon has been observed in patients with certain systemic connective tissue disorders, including Ehlers-Danlos syndrome [EDS [28] [29] [30] [31] , amyloidosis [32] , and scleroderma [33, 34] . One-third of patients had a condition that is known to be associated with reduced colonic tone. Consistent with a previous study [16] , there was no clinically identifiable explanation for extrinsic or enteric nerve dysfunction in a majority of patients, suggesting that the primary abnormality may be a loss of enteric nerves and/or ICCs [8, 9] . We did not systematically evaluate patients for joint hypermobility syndrome, which is associated with functional gastrointestinal disorders, particularly constipation [35] [36] [37] . This association suggests that a defect in collagen synthesis may predispose to both conditions. This hypothesis is supported by the observation that chronic megacolon is observed in many patients with Ehlers-Danlos syndrome. Indeed, some forms of joint hypermobility syndrome are now regarded as a mild phenotype of Ehlers-Danlos syndrome [35] . In the future, we believe that patients presenting with chronic megacolon should be screened for joint hypermobility syndrome and Ehlers-Danlos syndrome. Unfortunately, no definitive biomarker or genetic test for these conditions is currently available, and therefore, these conditions are usually identified by clinical phenotype.
Ten of 24 patients (42 %) with megacolon also had evidence of pelvic floor dysfunction. This raises the question as to whether megacolon is an additional manifestation of a systemic neuromuscular disorder, an acquired response to colonic atony, or is partly a response to the outlet obstruction. Rectal distension, as may occur in pelvic floor dysfunction, inhibits colonic tone through a negative feedback mechanism mediated by a viscerovisceral reflex [38] . Patients with constipation due to pelvic floor dysfunction also have an impaired colonic contractile response to a meal; this response improves after biofeedback therapy [39] . The presence of pelvic floor dysfunction is relevant in selecting the sequence of treatments for megacolon. Without correcting pelvic floor dysfunction, subtotal colectomy with ileorectal anastomosis is less likely to relieve symptoms of slow transit constipation [40] [41] [42] . This appeared to be the case in two patients in this cohort, both of whom required pelvic floor therapy with biofeedback after colectomy in order to relieve the constipation. Hence, if there are clinical features of rectal evacuation disorder, it is recommended that pelvic floor function should be investigated and followed with biofeedback training, if necessary, in order to restore normal rectal evacuation before elective colectomy.
In general, treatment of chronic megacolon is similar to that of intractable chronic constipation. In the tertiary care setting, patients generally present after failure of standard therapy for constipation, including osmotic agents and gastrointestinal stimulants (e.g., bisacodyl, senna alkaloids). While there are no controlled studies in chronic megacolon, prokinetic agents such as prucalopride should be considered, based on their efficacy in chronic constipation [43] . A therapeutic trial of the acetylcholinesterase inhibitor, pyridostigmine [44] , taken 30 min preprandially, may be a reasonable alternative, based on the prior experience with constipation associated with autonomic neuropathy [45] and diabetes mellitus [46] . Moreover, an assessment of the colonic contractile response to neostigmine with intracolonic measurement is useful because it predicted the pyridostigmine-induced acceleration of colonic transit [45] . If pyridostigmine is ineffective, as occurred in four patients in this series, elective colectomy should be considered in patients without contraindications for surgery. There is no other literature report documenting patient satisfaction following elective colectomy as a treatment for chronic megacolon.
By inhibiting acetylcholinesterase, pyridostigmine increases the level of acetylcholine. The lack of efficacy of pyridostigmine in many patients may be due to several factors including reduced acetylcholine release as a result of loss of enteric nerves, a reduction in other (e.g., nonadrenergic, non-cholinergic) neurons [47] , and/or severe connective tissue or smooth muscle dysfunction in scleroderma or myopathic disorders (e.g., myotonic dystrophy). Future studies examining the efficacy of pyridostigmine or other colonic prokinetics (such as 5-HT 4 agonists prucalopride [48] and YKP10811 [49] or the ghrelin agonist relamorelin [50] ) in various subtypes of chronic megacolon are thus needed to better establish their potential therapeutic values and indications.
Cats, particularly middle-aged male cats, provide an animal model of chronic megacolon that appears to be due to colonic smooth muscle dysfunction. Some cats may become refractory to laxative or prokinetic therapies and may progress through recurrent constipation to obstipation and megacolon. These cats eventually require colectomy and have a generally favorable prognosis for recovery following colectomy [51] . This is the largest series of adult patients with chronic megacolon reported to date. It is a retrospective review of patients referred to a tertiary center. However, it is probable that most patients with symptomatic chronic megacolon reach specialized gastroenterology centers, given the rarity of this condition and the challenges in its clinical management. Thus, these patients are most likely representative of patients with chronic megacolon, although milder phenotypes may remain undiagnosed. The uniformity of the data regarding colonic compliance reassures us that the observations are likely generalizable. There are clearly limitations on the clinical observations in such a retrospective study of medical records; thus, about half of the patients had acquired megacolon, whereas the other half had megacolon since childhood, possibly reflecting congenital abnormalities.
In summary, our study demonstrates that two-thirds of patients with megacolon have an ''idiopathic'' disorder. Assessments of colonic motor function with intracolonic measurement of colonic compliance and tone are useful, especially when the abdominal radiographs have not identified unequivocal dilatation or the chronic nature, to confirm the diagnosis of chronic megacolon and also to assess the response to a meal and/or pharmacological stimulus. Many patients with chronic megacolon appear to do well after a subtotal colectomy.
Key Messages
• Chronic megacolon is a severe colonic dysmotility and can be diagnosed by measuring colonic compliance ([300 mL at 20 mmHg distension or[400 mL at 44 mmHg distension of a 10-cm-long intracolonic balloon).
• Chronic megacolon typically requires colectomy because of failed medical therapy.
